An asymmetric stent with low porosity patch across the intracranial aneurysm neck and high porosity elsewhere is designed to modify the flow to result in thrombogenesis and occlusion of the aneurysm and yet to reduce the possibility of also occluding adjacent perforator vessels. The purposes of this study are to evaluate the flow field induced by an asymmetric stent using both numerical and digital subtraction angiography (DSA) methods and to quantify the flow dynamics of an asymmetric stent in an in vivo aneurysm model. We created a vein-pouch aneurysm model on the canine carotid artery. An asymmetric stent was implanted at the aneurysm, with 25% porosity across the aneurysm neck and 80% porosity elsewhere. The aneurysm geometry, before and after stent implantation, was acquired using cone beam CT and reconstructed for computational fluid dynamics (CFD) analysis. Both steady-state and pulsatile flow conditions using the measured waveforms from the aneurysm model were studied. To reduce computational costs, we modeled the asymmetric stent effect by specifying a pressure drop over the layer across the aneurysm orifice where the low porosity patch was located. From the CFD results, we found the asymmetric stent reduced the inflow into the aneurysm by 51%, and appeared to create a stasis-like environment which favors thrombus formation. The DSA sequences also showed substantial flow reduction into the aneurysm. Asymmetric stents may be a viable image guided intervention for treating intracranial aneurysms with desired flow modification features.
INTRODUCTION
Endovascular coiling in patients with ruptured intracranial aneurysms has been found to be significantly better than neurosurgical clipping in the short term studies 1 . However, one of the limitations of coil embolization of aneurysms is it cannot effectively obliterate the wide-necked or fusiform lesions 2 . Recent studies on using stents to cover the aneurysm neck have achieved promising results [3] [4] [5] . Endovascular stenting across the intracranial aneurysm orifice is believed to favorably disturb the flow to cause aneurysmal thrombosis. In an in vivo study to investigate the outcome of stenting in an animal aneurysm model, Krings et al. 4 placed porous stents alone, stent-grafts, and stent with coils in elastaseinduced animal models. They found that porous stents or stents with coil-treated aneurysms could result in in-stent stenosis, coil compaction and regrowth of aneurysm, whereas stent-grafts led to complete and stable aneurysm obliteration 4 .
However, ideally when an intracranial stent excludes the aneurysm from the circulation, it should also leave the adjacent perforators open to prevent adverse outcome. The first requires a low porosity stent, whereas the second requires high porosity. In a study to determine the probability of blockage of perforators by stent struts, Yang et al. 6 showed that the probability of commercial stents, with porosity of 80%, blocking a 100 µm perforator was approximately 20%. Thus, instead of inducing thrombosis in an intracranial aneurysm, placing a stent may also induce adverse effects of blocking the perforators. In addition, stents should also impede the flow impingement on the aneurysm wall, which is believed to lead to aneurysm dilation and continuous growth. Such flow impingement is also believed to increase the risk of coil compaction or coil herniation into the parent vessel in coiled-treated aneurysms, and later induction of aneurysm regrowth or recanalization 3, 7, 8 . Since commercial stents are designed to hold the vessel opened, these types of high porosity (approximately 70-80%) stents are not designed to obliterate the aneurysm by isolating it from the circulation. Therefore, an asymmetric stent with low porosity across the aneurysm neck and high porosity elsewhere would potentially be ideal in treating the aneurysm.
Although multiple in vitro and numerical studies have quantified the flow patterns of stented aneurysms, the majority of these studies used an idealized two-dimensional (2D) or three-dimensional (3D) stented aneurysm geometry [9] [10] [11] [12] [13] [14] [15] [16] [17] . Previously, Lieber et al. 16 found that flow modification in an aneurysm is influenced by different stent parameters such as porosity or a stent's wire dimensions. Thus, stent geometry becomes an important set of design parameters in aneurysmal stenting. The flow characteristics and the biological consequences that a particular stent will generate in the treatment of aneurysms are currently unclear. Previous in vitro experimental study of asymmetric stents revealed that the magnitude of wall shear stress was reduced by 2 orders of magnitude and inflow to the aneurysm cavity was reduced linearly with decreasing permeability 18 . In addition, compared with the use of coils, the use of asymmetric stents led to marked flow modification, as seen with imaging sequences, and substantially slower inflow, as indicated by timedensity curves, owing to the low-porosity region of the stent that covers the aneurysm orifice [19] [20] [21] .
Due to complex stent geometry and expensive computational costs, there are only a few computational studies that have examined the effects of stenting on the hemodynamics in aneurysms and these were with 3D idealized geometries 9, 14 . The evaluation of different types of stent designs in realistic aneurysm hemodynamics is challenging. To improve the feasibility of asymmetric stent treatment in intracranial aneurysms, we evaluated an asymmetric stent in an in vivo aneurysm animal model and quantified the flow field induced by an asymmetric stent with computational fluid dynamics (CFD) modeling techniques with qualitative validation by digital subtraction angiography.
METHODS
A vein-pouch aneurysm model was surgically implanted on the carotid artery of a canine. An asymmetric stent was deployed at the aneurysm orifice, with 25% porosity across the aneurysm neck and 80% porosity elsewhere, to modify the flow. The geometry of the aneurysm was acquired using cone beam CT and reconstructed for use in CFD analysis. Both aneurysm geometries, before and after stent implantation, were studied under steady-state and pulsatile flow conditions using the measured flow waveforms from the actual aneurysm animal model. We compared the flow field from CFD results with digital subtraction sequences and quantified the flow field induced by the asymmetric stent. Investigation of the harvested aneurysm with quantitative histological evaluation of thrombogenesis was attempted and will be discussed below.
Aneurysm Creation
A pair of aneurysms was surgically created in each dog carotid artery [22] [23] [24] ( Figure 1 ). Flow rate in the parent vessel was recorded using a perivascular ultrasonic flow probe (Model 4PMP, Transonic, Ithaca, NY). Four weeks after the aneurysm creation, aneurysm patency and dimension were examined using digital subtracted angiography (DSA) as well as rotational digital subtracted angiography (R-DSA) with a Toshiba Infinx C-arm (Toshiba Medical Systems Corp., Tustin, CA). Both aneurysms remained patent, and had approximately the same sizes after 4 weeks. We selected the proximal aneurysm in our studies and used the distal aneurysm as a control. Based on the acquired geometry and vessel measurements, we selected the appropriate dimensions of the asymmetric stent such as, size of the asymmetric patch, stent diameter, and stent length.
Asymmetric Stent Prototype Fabrication
The prototypes of the asymmetric vascular stent ( Figure 2 ) were built by modifying commercial Penta® coronary stents (Guidant Corp., Santa Clara, CA). We attached a low-porosity (porosity = 25%) patch over the structure of the stent using laser micro-welding techniques. A NdYag laser (Equilasers, Santa Clara, CA) which has emissions in the infrared range of the spectrum was used to weld the patch to the stent. The patch had an ellipsoidal form which was similar to the shape of the orifice of the implanted side-wall aneurysms. In order to indicate the position of the asymmetric vascular stent in vivo, we developed a system of markers which unambiguously identified the location and orientation of the stent under x-ray guidance. These markers were made of small platinum dots (100-159 µm diameter) welded onto the stent as shown with the white arrows in Figure 2 . In the final phase, the stents were sterilized and crimped back onto a balloon tipped catheter. The final diameter of the crimped stent was between 1.2 and 1.4 mm.
Treatment of Aneurysms
The treatment of the aneurysms followed the following standard procedure. We introduced a 7 French sheath to the left femoral artery. The positioning of the stent and the deployment took place under x-ray control using an Infinix VS-I image intensifier c-arm (Toshiba Medical Systems Corp., Tustin, CA). The stent was advanced to the carotid area using a fluoroscopic road map. During fluoroscopy we roughly aligned the stent with respect to the aneurysm neck. For accurate alignment of the patch with aneurysm orifice, we took the angled projection that offered the best view of the aneurysm neck and used low-frame-rate (2 fps) digital angiography to align the patch with the aneurysm orifice. The digital angiography was used to take advantage of the higher image accuracy this modality offers. In the previous work 25 , we proved that using standard digital angiography, a stent could be placed with an accuracy of better than 12 degrees with regard to the aneurysm neck. After the stent was aligned the balloon was inflated and the stent was deployed.
Computational Fluid Dynamic Analysis
Immediately before stent placement, the aneurysm was imaged using 3D-digital subtraction angiography. The 3D lumens of the parent vessel and aneurysm were reconstructed from rotational angiograms using the angiographic equipment's standard software and these 3D lumens were used for the subsequent CFD analysis. We used commercial mesh generation software (ICEM-CFD, NY) to generate hybrid meshes consisting of tetrahedral meshes with refined prism meshes near the boundary of the aneurysm model. The NavierStoke equations were solved using commercial finite volume software (StarCD®, CD-adapco, NY) with second-order accuracy. Grid independence was achieved with several refinements of grids resulting in approximate 2.1 millions of cells. We assumed laminar, incompressible flow and Newtonian fluid in a rigid wall model. Fluid density of 1060kg/m 3 and viscosity of 3.5cP were used in the CFD simulation so as to simulate blood. The recorded pulsatile flow waveform of the carotid artery was represented by a 6-term Fourier series to be used as the inlet condition for the CFD calculation. A mean Reynold's number (based on parent vessel diameter) of 320 was used in steady state analysis, while a Womersley number of 6.52 was used in the pulsatile flow analysis with the measured waveform ( Figure 3 ).
Fully resolving the individual filaments of the physical wire mesh patch is computational costly since the filaments are too small in comparison to the computational cell size. Thus, we modeled the asymmetric stent effect by specifying a pressure drop (resistance) across the low porosity region of the stent based on the geometry and orientations of the filaments 26 . The pressure drop across the porous patch was described by 26 (Re p < 50):
where ∆P is the pressure drop (Pa), Re p is the Reynold's Number based on pore size, U is the velocity (m/s), ρ is the density of fluid (kg/m 3 ) and ε is the stent patch porosity. The porosity of the patch (ε) is defined as the ratio of the open area to the total area of the mesh.
RESULTS
In the untreated case, the flow entered the aneurysm from the distal neck, formed a coherent vortex in the aneurysm cavity and exited from the proximal neck ( Figure 4 ). Similar flow patterns have been quantified by multiple authors 9, 14, 16 . With a patch placed across the aneurysm neck, we found that the flow entering the aneurysm cavity was significantly less over the cardiac cycle (Figure 4 ), as compared with untreated aneurysm. In addition, inside the cavity of stented aneurysm, the flow was more stagnant.
We traced a group of simulated blood particles from the inlet of the computational domain and found that without any treatment, some of the particle paths entered the aneurysm cavity ( Figure 5A ). With a patch placed across the aneurysm neck, we found that only a small amount of the same group of particles entered the aneurysm cavity and majority of the particles flowed in the parent vessel as indicated by the large change in streamlines depicting particle paths ( Figure 5B ). In addition, with a patched placed across the aneurysm neck, the flow at the aneurysm neck became more uniform as opposed to the more variable flow pattern in the untreated aneurysm.
To investigate the flow field generated by asymmetric stents, we compared the in-plane velocity vectors and magnitudes across the orifice of the untreated and stented aneurysm geometries from the CFD results ( Figure 6 ). We found the inplane velocity magnitude across the aneurysm neck was reduced 3-fold at peak systole in the aneurysm treated with asymmetric stent. In addition, we also found that by placing an asymmetric stent with 25% porosity across the aneurysm neck, the mass inflow to the aneurysm was reduced by 51% at peak systole, as compared with the untreated aneurysm. Similar substantial flow reduction was also observed in the digital subtraction angiography image sequences (Figure 7 ). The image sequences were similar to different phases over a cardiac cycle in CFD analysis. Without any treatment, the contrast flow filled up the entire aneurysm cavity ( Figure 7A ). Immediately after the placement of asymmetric stent across the aneurysm neck, we observed no detectable amount of contrast media seepage into the aneurysm cavity ( Figure 7B ). The contrast flow and filling processes as seen in the angiography image sequences in stented aneurysm inferred less flow entered the aneurysm cavity and the flow inside the aneurysm was more stagnant. Both angiography sequences and CFD results were in agreement qualitatively in describing the flow in the untreated and stented aneurysms.
In an attempt to identify the hemodynamic stresses in both untreated and stented aneurysms from CFD analysis, we plotted the wall shear stress (Figure 8 ). However, both the untreated and stented aneurysm sacs experienced low wall shear stress, possibly due to the sidewall saccular aneurysm geometry.
After 1 month, the aneurysms were harvested to check for thrombus formation. We observed that the aneurysm treated with the asymmetric stent was fully thrombosed, whereas the control (untreated aneurysm) remained patent (data not shown). 
DISCUSSION

Modeling technique
In vitro experiments and numerical simulations have been used to study the flow field in stented aneurysm models to better understand the aneurysmal hemodynamics associated with different types of stents [9] [10] [11] [12] [13] [14] [15] [16] [17] . Previously, in vitro studies have been limited to 2D flow field measurements and scaled-up models that frequently require optical access. For these experiments there were difficulties in reproducing the in vivo geometries and in vivo hemodynamic environments. In the numerical studies, the major challenge in simulating a stented aneurysm is to fully resolve the individual filaments of the physical stent struts. These filaments are usually complex and small in diameters (~80-150 µm) as compared with intracranial artery diameter (3-5 mm) and aneurysm size (1-40 mm). These filaments are even finer for the asymmetric stent's patch (~25µm). Consequently, the number of computational cells and costs can increase drastically. In addition, to compensate for the computational costs and, due to the complexity of stent designs, most numerical studies focused on a stent placed in an idealized aneurysm geometry 9, 14 . In addition, flow modification in a stented aneurysm is influenced by different stent parameters such as porosity or stent strut dimensions 16 . Different sets of computational mesh are needed for each particular type of stent design. Therefore, such direct stent simulations make exploration of different stent designs difficult. To overcome these challenges, we modeled the asymmetric stent effect by specifying a pressure drop (resistance) across the low porosity region of the stent based on the geometry of the filaments 26 . This is the first attempt to study the flow modification in such low porosity types of stent by using a pressure drop model in an in vivo aneurysm model. Our method in applying the pressure drop across the patch provides a new technique in exploring different stent designs. Additionally, this type of modeling technique only incorporates simple computational meshes, which significantly reduces the computational costs.
Since the description of pressure drop over the asymmetric stent depended on different parameters, including, strut orientation, strut diameter, porosity, etc., experimental validation of the relationship between the pressure drop and individual stent design is necessary. For the particular patch that we used in this study, we found that the maximum differences between the pressure drop from equation (1) and the pressure drop from experimental measurement of the actual patch was approximately 10% 27 . Further investigation to obtain the relationship between the pressure drop and the associated patch design is necessary to better describe the stented aneurysmal flow dynamics.
Endovascular treatments
Since the introduction of GDC coils in the early 1990s, coils have gained popularity in aneurysm treatment. However, wide neck or giant aneurysms are difficult to treat with coils alone due to coil compaction or herniation, aneurysm regrowth and recanalization 7, [28] [29] [30] . In addition, dense coil packing does not always guarantee permanent occlusion 31 and patients with intracranial aneurysms may have neurological deterioration after coil embolization 7, 30, 32 . Geremia et al. 33 and Wakhloo et al. 5 have demonstrated complete occlusion of sidewall and fusiform aneurysms on the carotid arteries of dogs by using stents alone. However, in vitro experiments showed that the performance of a stent in reducing the flow activity in the aneurysm sac highly depends on the aneurysm geometry 34 . A stent alone may not provide reliable treatment for an aneurysm due to the strong impingement flow 35 .
Ideally, intracranial stents should exclude the aneurysm from the circulation by reducing the aneurysmal inflow and protecting the aneurysm from strong impinging flow. It should also leave the adjacent perforators open to prevent adverse outcome. Our approach of covering the aneurysm neck with a low porosity patch, while maintaining the perforators open to the porous part of the stent has the required characteristics. The approach of using an asymmetric stent has achieved initial promising results in in vitro experiments 19, 21 . In this in vivo experiment, immediately after the placement of asymmetric stent across the aneurysm neck, we observed no detectable amounts of contrast media seeping into the aneurysm cavity, which implied that the flow inside the aneurysm cavity was rather stagnant. Such stagnant flow condition may be pro-thombogenic. Upon aneurysm harvest, we found that the aneurysm treated with asymmetric stent was fully thrombosed, whereas the untreated control remained patent. Therefore, by altered the flow entered the aneurysm cavity through asymmetric stent; it would be able to create an environment to promote thrombosis. The current in vivo experiment has further proven the feasibility of the asymmetric stent in treating intracranial aneurysms. In addition, treating the aneurysm with an asymmetric stent alone significantly reduces the amount of foreign objects in the artery, as compared with coils. Furthermore, the low porosity patch also protects the aneurysm wall from strong impingement flow and elevated wall shear stress, which are believed to contribute to aneurysm dilation 36, 37 . With the aid of advanced angiography image systems and a less complication interventional procedure employing asymmetric stents may provide new options for aneurysm treatment.
Future Considerations
While most of the aneurysms are found in bifurcations and on the outer wall of a curved parent vessel, the sidewall saccular aneurysm on a straight vessel in this in vivo experiment is rarely found in human intracranial aneurysm cases. In close examination of the aneurysm geometry, we found that the aneurysm was located on the inner wall of a parent vessel with a very small curvature, mimicking a straight parent vessel. The flow entered this type of aneurysm geometry has low momentum and predominantly is driven by viscous-shear force 35 . Consequently, due to this type of aneurysm geometry, there is no significant difference in the hemodynamic stresses in both untreated and stented aneurysms. Nevertheless, the asymmetric stent successfully altered the hemodynamic environment to induce stable aneurysmal thrombus.
On the other hand, the ability of a stent to reduce the flow into the aneurysm is also related to parent vessel and aneurysm geometry 34 . Similar studies are necessary to investigate the flow patterns in different types of aneurysm geometries, such as an aneurysm located on a bifurcation or curved parent vessel. The evaluation of an asymmetric stent deployed in an aneurysm located on a curved parent vessel is under investigation.
Although the current computer modeling technique only explores the simulation of the porosity of asymmetric stents used in the in vivo experiment, it should be easy to extend this modeling technique to different stent designs. The pressure drop across the low porosity patch is dependent on several parameters, including strut orientation, pore size, porosity, etc. It is thus necessary to determine the appropriate pressure drop description and associate it with the specific stent design. In addition, experimental validation should be conducted to verify the relationship between the pressure drop and the particular stent design 27 . While we have demonstrated progress in developing asymmetric stents, it still remains unclear what optimum porosity for the patch is needed to achieve thrombosis. Further investigation over larger number of experiments is needed to better characterize the role of asymmetric stents and consequent thrombus formation.
CONCLUSION
This is the first attempt at studying flow modification using an in vivo aneurysm model with low porosity patch across the aneurysm neck. We created vein-pouch aneurysms on the carotid artery of a canine and deployed an asymmetric stent, with a patch of 25% porosity across the aneurysm neck and 80% porosity elsewhere, to modify the aneurysmal flow. To evaluate the effect of the stent on hemodynamics, CFD calculations incorporating stent modeling were employed. We modeled the patch by specifying a pressure drop across the low porosity region of the stent. From the CFD results, we found that the asymmetric stent reduced the inflow into the aneurysm by 51% and created increased stasis in the aneurysm. DSA sequences also showed substantial flow reduction into the stented aneurysm immediately after stent deployment. Both angiography sequences and CFD results were in agreement qualitatively in describing the flow in the untreated and stented aneurysms. We can conclude that asymmetric stents may be a viable image guided intervention for treating intracranial aneurysms with the desired flow modification features.
